The phylogenetic relationships of Stigmaeopsis spider mites (Acari: Tetranychidae) in Japan were investigated using the Cytochrome Oxidase subunit I (COI) region of mitochondrial DNA. The authors sequenced the samples from 81 individuals representing S. longus, S. celarius, S. takahashii, and S. saharai, which inhabit bamboo species of the genera Sasa and Phyllostachys (Poaceae; Bambusoideae), and two forms of S. miscanthi (HG and LW) living on Miscanthus sinensis (Poaceae; Panicoideae). Both the neighbour-joining and maximum-likelihood methods revealed that Stigmaeopsis consists of at least seven monophyletic groups, in which two forms of S. miscanthi form two distinct monophyletic groups, whereas each of bamboo-inhabiting species, S. celarius, S. takahashii, and S. saharai, was not monophyletic. The haplotypes of S. longus appeared in only a single clade, but coexisted with one of S. celarius. These results imply a mismatch between diagnostic morphological characters (i.e., the length of dorsal setae) and the phylogenetic lineages of bamboo-inhabiting species, requiring re-evaluation of the use of these characters. In addition, the results indicate that plural lineages coexist in a single habitat in various areas, suggesting that differentiated lineages have secondary encounters through the dispersal-and-colonization process.
INTRODUCTION
Recent advances in molecular biology and its applications have enabled the exploration of the extent and distribution of genetic variation within and among species. In particular, mitochondrial DNA (mtDNA) polymorphisms have been used extensively to infer phylogenetic relationships within or among species, because the maternal inheritance of the mitochondria genome, coupled with its rapid rate of sequence substitution and absence of recombination, has enabled high-resolution analysis of maternal lineages (Avise et al., 1987; Avise, 1994 Avise, , 2000 .
Spider mites (Acari: Tetranychidae) generally live on the underside of plant leaves and suck fluid from mesophyll tissue. Spider mites of the genus Stigmaeopsis, in particular, are characterized by their curious behaviours that are not observed in other genera; they weave dense silken nests along the midrib or the edge of grass leaves (mainly species of bamboo or Miscanthus) within which they feed and reproduce, causing white stippling throughout the leaf surface (Saito, 1985) . The nest starts out small in size, but in some species, gradually grows longer and can spread to other parts of the leaf and onto other leaves in time. Stigmaeopsis spider mites are found worldwide, and some of them cause significant damage to bamboo leaves, lowering the aesthetic and economic value of the host (Banks, 1917; Saito et al., 2004) .
Classification of Stigmaeopsis spider mites has long been confounded because their ecological and morphological attributes are similar among species (Banks, 1917; McGregor, 1950; Saitô and Takahashi, 1982; Saitō, 1990; Saito et al., 2004) . To Molecular phylogeny of Stigmaeopsis spider mites (Acari: Tetranychidae) based on the Cytochrome Oxidase subunit I (COI) region of mitochondrial DNA Katsura ITO 1, * and Tatsuya FUKUDA 2 date, seven species have been described in Stigmaeopsis, five occurring in Japan. Of these, S. longus, S. celarius, S. takahashii, and S. saharai inhabit the leaves of bamboo species (Poaceae; Bambusoideae); whereas, S. miscanthi is restricted to those of Japanese silver grass, Miscanthus sinensis (Poaceae; Panicoideae) .
In the bamboo-inhabiting group, the four species have different nest sizes, which reflects the variation in anti-predator strategies Takahashi, 1980, 1982; Saitō, 1990; Mori and Saito, 2004) . Stigmaeopsis longus makes the largest nests, which afford little protection from intrusion by predatory mites, but adults will actively counterattack such predators. On the other hand, the other three species make smaller nests that effectively protect the eggs from predation, but the adults show a weaker counterattack response . Thus, the size of the nest, which is positively correlated with the length of the dorsal setae d1 (Fig. 1) , is a protective trait that has evolved as an adaptation for predator avoidance .
Two groups of Miscanthus-inhabiting S. miscanthi can be distinguished by differences in maleto-male aggressiveness (Saito, 1995; Saito and Sahara, 1999 ): The HG form shows highly aggressive behaviour between adult males for claiming virgin females in the nest; whereas, the LW form does not show such behaviour, and thus multiple males coexist within a single nest. These two groups are morphologically so similar that it is difficult to tell them apart, though they can be differentiated by the length of the first legs relative to that of the third legs as a mean value of adult males (Saito, 1995; Sato et al., 2008) . However, there is strong reproductive isolation between these two forms (Sato et al., 2000a, b) .
Recent molecular phylogenetic studies have revealed new aspects of the relationships of Stigmaeopsis spider mites. Osakabe et al. (1993) first reported the phylogenetic relationships within 11 populations of Stigmaeopsis spider mites, called 'Schizotetranychus celarius complex'; it was based on the phenogram of two-dimensional protein electrophoresis (SDS-page). They showed that the bamboo-inhabiting group (S. longusϩS. celarius) and the Miscanthus-inhabiting group (S. miscanthi) each compose a separate clade. Within the bamboo-inhabiting group, S. celarius form a monophyletic clade including the clade of S. longus. However, the morphs which had been categorized as S. celarius did not form a distinct cluster. Because Osakabe's study dealt with the only three species recorded at that time, phylogenetic relationships with subsequently re-recorded species (S. takashii and S. saharai, Saito et al., 2004) were unknown. More recently, a molecular phylogenetic study using sequence data of the 28S rDNA region revealed that the genus Stigmaeopsis formed a distinct monophyletic clade in the subfamily Tetranychinae, and that each form of S. celarius complex is split into two clades: (S. saharaiϩS. takahashiiϩS. nanjigensis) and (S. miscanthiϩS. celariusϩS. longus) (Sakagami, 2002) . Additional analyses of the region including a microsatellite locus showed that the two forms of S. miscanthi are genetically differentiated groups (Sakagami, 2002) . However, because only one population was analyzed for each bamboo-inhabiting species, the entirety of the phylogenetic relationships in this genus is still unknown.
The mutation rate of the 28S region may be too low for analyzing lower taxa, so a molecular marker with a higher substitution rate is necessary to construct infrageneric phylogeny. The mtDNA genes, especially the Cytochrome Oxidase subunit I (COI) gene, have been used extensively in phylogenetic studies in Tetranychidae (Navajas et al., 1998; Hinomoto and Takafuji, 2001) due to a high enough rate of evolution to infer relationships of closely related populations. The aim of the present study is to clarify the phylogenetic relationships among Japanese Stigmaeopsis spider mites by examining multiple local populations of each species.
MATERIALS AND METHODS

Mites.
Populations of each Stigmaeopsis species were collected in the field in [2005] [2006] [2007] (Table 1) . At several sampling locations, plural populations were collected from different shoots of the same or different plant species. In such cases, different figures are attached at the end of the taxon name to discriminate them (Table 1) . For each population, one to four individuals of any stage (including egg) were examined for the base sequence.
For identification of bamboo-inhabiting species, several adult females from each population were fixed in MA80 fluids (Saitō and Osakabe, 1992) , and then mounted in Hoyer's medium or, for a permanent specimen, in Canada balsam . Females used for identification were those immediately after the field sampling or, if not available, those reared for several generation times under the room conditions on leaves of Sasa sp. Species names were identified by referring to the length of the dorsal setae of females (Fig. 1 ). Identification in several populations could not be done because of unsuccessful rearing under the laboratory conditions (n.a. in Table 1 ). On the other hand, all the populations found on M. sinensis were presumed to be of S. miscanthi without a microscopic examination, because this species is the sole member of Stigmaeopsis that is found on this plant. The diagnostic morphological characters delimitating the two forms of S. miscanthi at the individual level are unfound. In this study, the form of S. miscanthi was recorded only for those already examined for male-to-male aggressiveness specific to each form (Saito, 1995; Saito and Sahara, 1999) .
The members of the same subfamily (Tetranychinae), Aponychus corpuzae, Schizotetranychus bambusae, Eotetranychus celtis, Yezonychus sapporensis, Panonychus citri (DDBJ: AB041252), Tetranychus urticae (AB079044) and Oligonychus unuguis (X80865) were used as outgroup taxa (Table 1) . Each represents a genus of spider mite commonly found in Japan. We presumed that this outgroup set comprehends the members of a various phylogenetic distance to Stigmaeopsis spider mites.
DNA extraction and sequencing analyses. The whole body of a single individual was crushed in 5 mL HMV buffer (10 mmol/L Tris, 150 mmol/L The length of dorsal setae of adult females were assessed by microscopy for bamboo-inhabiting populations. n.a.; not assessed. b Saito and Sahara (1999) .
NaCl, 10 mmol/L ethylenediaminetetraacetic acid (EDTA)-2Na (pH 8.0), 1.255 (w/v) sodium dodecylsulfate (SDS) and 0.1 mg/mL proteinase K) using sterilized fine needles. The suspension was put into a 1.5 mL microcentrifuge tube containing 195 mL of HMW buffer. The mixture was incubated at 55°C for 30 min. After incubation, the mixture was precipitated by 500 mL absolute ethanol with 20 mL 3 M sodium acetate. After chilling at Ϫ20°C overnight, it was centrifuged at 14,000 rpm for 10 min, and pellets were rinsed with 70% ethanol for 5 min. Pellets were resuspended in 20 mL of Tris-EDTA (TE) buffer and stored at Ϫ20°C until they were used. For PCR amplification of the COI region, the following primers were used: COI-KatsuraF: 5Ј-GGW TTT GGA ATA ATT TCW CA-3Ј and COI-KatsuraR: 5Ј-ATR TAR TAW GWR TCA TGT AA-3Ј. PCR was performed in a 50 mL reaction volume containing approximately 50 ng total DNA, 10 mM Tris-HCl buffer (pH 8.3) with 50 mM KCl and 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 1.25 units Taq DNA polymerase (TAKARA) and 0.5 mM of each primer with the following profile: 94°C for 30 s, followed by 45 cycles of incubation at 94°C for 1 min, 48°C for 2 min, and 72°C for 2 min, with a final extension at 72°C for 15 min. The resultant mixtures were subjected to electrophoresis in 1% low-melting-temperature agarose gels, and the band of focal length (about 400 bp) was cut out with a razor and purified using a Gel Extraction Kit (Qiagen). These products were sequenced using BigDye Terminator ver. 3.1 (Applied BioSystems) on an ABI Prism 3100 Genetic Analyzer (Applied BioSystems). For sequencing, the same primers were used as were for amplification. All sequence data have been deposited in DDBJ/EMBL/Gen-Bank International DNA databases (Table 1) .
Phylogenetic analyses. Neighbour-joining (NJ) and maximum-likelihood (ML) analyses were performed to construct phylogenetic trees. The sequence data were aligned using Clustal W ( Thompson et al., 1994) . NJ analyses were performed on the MEGA4 (Tamura et al., 2007) including all codon positions, though only the transition at the third codon position tended to slight saturation (data not shown) (cf. Yang and Yoder, 1999) . The evolutionary distances were computed using the Maximum Composite Likelihood method based on Tamura-Nei distance, which assumes equality of substitution pattern among lineages and of substitution rates among sites (Tamura et al., 2004 (Tamura et al., , 2007 . Positions containing gaps were eliminated from the dataset (complete deletion option). The reliability of branching patterns was assessed by 100 bootstrap resamplings.
ML analysis was conducted with the software PAUP ver. 4.0b10 (Swofford, 2003) . The nucleotide substitution model and parameter set for ML analysis were estimated using Modeltest 3.7 (Posada and Crandall, 1998) . The starting tree was constructed by NJ method, followed by heuristic search of the tree shape by tree-bisection-reconnection (TBR) swapping. The reliability of branching patterns was assessed by 100 bootstrap resamplings. In this test, optimality criterion was set as likelihood, and branch-swapping algorithm was the nearest-neighbor interchange method (NNI) using the same parameter set as in making the original ML tree.
RESULTS
The length of the COI region used for alignment was 332 bp, in which 40% were variable (25% within Stigmaeopsis). No insertions or deletions were found except in two individuals of S. miscanthi (Table 1 , Taxon No. 16 and 60, one-base deletion each). Stigmaeopsis COI showed an AϩT rich composition (72.2% on average) as in other spider-mite genera (Navajas et al., 1996; Hinomoto and Takafuji, 2001) . All sample individuals from the same plant shoot were proved to have the same haplotype for the COI region. However, in eight areas, different haplotypes were found in close proximity (Table 1, Taxon No. 27, 28, and 39 in Kashiwa, 32 and 45 in Ryugado, 33 and 40 in Kubokawa, 36 and 72 in Godaisan, 43 and 71 in Hitsuzan, 67 and 77 in Oyafuru, 74 and 75 in Kikuchi for the bamboo-inhabiting group, 13 and 17 in Shiwa for Miscanthus-inhabiting group).
In ML analysis, Modeltest selected the transversion model with a proportion of invariable sites and with a gamma distribution (TVMϩIϩG) by the hierarchical likelihood test. Substitution rate matrix is (ACϭ0.9449, AGϭ5.1732, ATϭ0.2950, CGϭ1.5851, CTϭ5.1732, GTϭ1.0000). Assumed nucleotide frequencies was Aϭ0.335, Cϭ0.050, Gϭ0.100, and Tϭ0.515. For among-site rate variation, assumed proportion of invariable sites was 0.4452, and the gamma shape parameter (alpha) was 0.4737. Number of distinct data patterns under this model was 124. The total number of rearrangements tried was 303,689, and the score (Ϫln) of the selected tree was 2127.46.
In the phylogenetic trees from the NJ and ML methods, the genus Stigmaeopsis composed a monophyletic clade with high bootstrap support (99 and 96%, respectively). In the NJ tree, Stigmaeopsis is composed of seven monophyletic groups, denoted Clades 1 to 7 (Fig. 2) . Bootstrap values of the most clades were quite high (more than 90%), though the entity of Clade 6 was less supported (54%), and split in the ML tree at the most basal position (Fig. 3 , 6A-C). Any deeper branching order was not significantly supported in either analysis, and a slight difference was observed between the NJ and ML trees.
The NJ tree showed that each form of S. mis-canthi is mostly monophyletic; however, the bamboo-inhabiting species showed much less agreement of species names and phylogenetic relationships ( Figs. 2 and 3 formed clades with those of other species. For geographic distribution, haplotypes of the S. miscanthi HG form were found in inland, mountainous areas more than 3 km from the coast, whereas those of the LW form were distributed close to the seashore within approx. 2 km (Fig. 4) . In contrast, haplotypes of bamboo-inhabiting species showed no such clear geographic trend, and different haplotypes were found sympatrically (Fig.  5) .
DISCUSSION
The results suggest that each form (HG and LW) of S. miscanthi living on Japanese silver grass Miscanthus sinensis is monophyletic, despite one exception from the Kyushu district in Clade 1 (Figs. 2  and 3 ). The monophyly of each form is consistent with the results of Sakagami (2002) from the sequence analysis of the 28S and microsatellite regions. The geographic distribution of these clades is generally clear: Clade 1 is composed of haplotypes found close to the seashore, and Clade 5 is found inland (Fig. 4) . This geographical pattern is quite similar to the previously reported distribution of these forms characterized by the difference in male-to-male aggressiveness (Saito, 1995; Saito Fig. 5 . Geographical distribution of Stigmaeopsis spider mites used in this study. Bamboo-inhabiting mites: ᭡, Clade 2; ᭝, Clade 3; , Clade 4; ᮀ, Clade 6; ᭜, Clade 7. Numbers correspond to the sample number in Table 1. and Sahara, 1999; Sato et al., 2008) . These two forms also have different diapause attributes (Saito et al., 2002 , different length of forelegs (Saito, 1995; Sato et al., 2000a Sato et al., , 2008 , and strong reproductive incompatibility (Sato et al., 2000a, b) . Therefore, they may represent different species.
Unlike the S. miscanthi case, the bamboo-inhabiting group showed a complicated phylogeny and geographic distribution. The haplotypes of S. saharai, S. takahashii, and S. celarius appear across multiple clades. Therefore, each species may be non-monophyletic. In contrast, S. longus, which is found only on Sasa, belongs only to Clade 6. The present result is not consistent with those of Osakabe et al. (1993) based on phenogram of SDSpage that the lineage of S. longus is included in the S. celarius complex. The geographic distribution of haplotypes of each clade shows no obvious trend, often showing sympatric occurrence of plural lineages in many localities of Japan (Fig. 5) . For example, the haplotypes of S. celarius in Kashiwa (Kanto, Chiba Prefecture) appear in both Clades 3 and 4. This suggests that bamboo-inhabiting Stigmaeopsis mites undergo repeated dispersal to form mixed populations, providing high opportunity for secondary hybridization between lineages. Notably, Mori (2000) showed incomplete reproductive isolation between the populations of S. saharai and S. takahashii from the Hokkaido district, which are closely phylogenetically related in both Sakagami (2002) and the present study (Clade 7). Thus, it is possible that the genetic introgression through hybridization has frequently occurred between lineages. The evolutionary history of this genus should be determined by further analyses of nuclear genes.
Though the existence of the seven clades in Stigmaeopsis is strongly inferred, deeper branching patterns were not well resolved in this study. This should be further evaluated using data of more slowly evolving DNA regions. However, several points of the topology of trees agree with the preceding study by Sakagami (2002) in that Stigmaeopsis spider mites collected from dwarf bamboo (Sasa senanensis) in Hokkaido occupy an basal position within the genus: S. longus from Hokkaido is in Clade 6B, and S. saharai and S. takahashii, also from Hokkaido, are contained in Clade 7. On the other hand, those collected from southern areas such as Shikoku and Kyushu were in shallower clades. These results suggest that Stig-maeopsis spider mites have expanded their distribution roughly from the north to the south of Japan with the host plant conversion from bamboos into M. sinensis in several lineages. However, a population of S. nanjigensis on Moso bamboo (Phyllostachys) in Fujian (China) is more closely related to the populations of S. saharai and S. takahashii from Hokkaido than to the southern populations of other bamboo-and Miscanthus-inhabiting species (Sakagami, 2002) . Therefore, fine-scale phylogenetic relationships around the Asian continent should be further investigated.
The phylogenetic results are not consistent with the present infrageneric classification index of Japanese Stigmaeopsis spider mites, indicating that additional morphological characters should be sought to differentiate taxa at the specific level. The results suggest that the length of dorsal setae, which is used as an index of the bamboo-inhabiting group, is genetically variable even within a short evolutionary time scale (e.g. Clade 4). The length of these setae is correlated with nest size, which reflects the anti-predatory strategy (Mori and Saito, 2004, 2005) . Therefore, this trait is under strong selection pressure and can easily be changed if its genetic variation is maintained in a population. Therefore, the genetic variability of the length of these setae should be scrutinized to reconstruct the taxonomy of the Stigmaeopsis spider mites in light of their evolutionary history.
